INTRODUCTION
============

It is well established that gene expression is influenced by chromatin structure. The compacted chromatin is a sterically hindered environment for transcription factors to bind and assemble the transcription initiation complex, and is subject to active remodeling. Histone acetylation and DNA demethylation are perceived as prerequisites for the 'open state' of chromatin, enabling transcription initiation. On the other hand, histone deacetylation and DNA methylation convert chromatin to a 'closed state', leading to the silencing of gene transcription. Recently, it has become evident that protein complexes that regulate histone acetylation, chromatin remodeling and DNA methylation work in concert ([@b1],[@b2]) and at least in the ribosomal DNA locus (rDNA) these epigenetic events occur in this particular hierarchical and temporal order ([@b3]). The Sin3A-HDAC corepressor complex consists of multiple proteins and regulates gene expression by deacetylating histones. Sin3A itself functions as a scaffold protein that mediates various protein--protein interactions ([@b4]). HDAC 1 and HDAC 2, class I histone deacetylases, the histone binding proteins RbAp46 and RbAp48, SAP18, SAP30, SDS3, SAP180 and SAP130 are recognized components of the 'core' Sin3A-HDAC corepressor complex ([@b5]--[@b8]). Of these, SAP30 (Sin3A-Associated Protein 30) is a specific component of the Sin3A-complex since it is lacking in other HDAC 1/2-containing complexes such as the NuRD complex ([@b9]). SAP30 is not required for intrinsic repression activity of the Sin3A complex but is involved in Sin3A-mediated NCoR-repression by facilitating and stabilizing the interaction between these two corepressor proteins ([@b10]). In fact, many studies suggest that SAP30 functions as a bridging and stabilizing molecule between the Sin3A complex and other corepressors such as CIR ([@b11]) or DNA-binding transcription factors like YY1 ([@b12]). In yeast, the DNA-binding repressor *UME6* targets the *SIN3--RPD3* complex (Sin3A-HDAC 1 homolog in *Saccharomyces cerevisiae*) to its target sequence in the promoter and causes highly localized histone deacetylation, occurring over a range of only one to two nucleosomes ([@b13]).

In contrast to yeast, which has only one SAP30 homolog, mammals have two proteins, SAP30 and SAP30L (L for like), which share 70% sequence identity. They are both widely expressed in human tissues, with the most prominent expression being in tissues of hematopoietic origin ([@b14]). In this article, we have begun to characterize the function of the mammalian SAP30L protein ([@b15]). We report that SAP30L is able to self-associate and interact with Sin3A. Like SAP30, it has transcriptional repression capability and is able to associate with several class I histone deacetylases. Furthermore, we have identified a novel and functional nucleolar localization signal (NoLS) in SAP30L, and show that Sin3A is targeted to the nucleolus by SAP30L and SAP30 (herein referred to as SAP proteins). Our results show that SAP30L is able to associate with several partners of Sin3A-HDAC complex and suggest that this complex may play a role in the nucleolus.

MATERIALS AND METHODS
=====================

Cloning and constructs
----------------------

Human SAP30 cDNA was obtained from IMAGE clone 4074154. Human SAP30L cDNA has been described previously ([@b15]). Full length and deletion mutants of these proteins were cloned into pcDNA3.1--myc-his vector (Invitrogen) for mammalian transfection experiments, and into pGEX-4T1 vector (Amersham Biosciences) for production of GST-fusion proteins in bacteria. Point mutations were created using the QuikChange^®^ Site Directed Mutagenesis Kit (Stratagene) according to manufacturer\'s instructions. GAL4-DBD fusion proteins were created in the GAL4-DBD-vector (Stratagene). Luciferase reporter vectors under the control of TK(6) and 14D(10) promoters harboring 4 or 5xGal4 sites were generously provided by D. Reinberg (NJ, USA) and D. Ayer (Salt Lake City, USA), respectively. pCS2+MT-mSin3A plasmid (a generous gift from D. Ayer, Salt Lake City, USA) was used as a PCR-template for mSin3A constructs created and cloned in pcDNA3.1-Myc-His-vector. For *in vitro* transcription and translation experiments, a stop-codon was introduced into the mSin3A constructs to remove myc-his-tag. Flag-epitope tagged HDAC1, HDAC2, RbAp46, RbAp48 and YY1 ([@b12]) cDNAs were obtained from W. Yu (Taipei, Taiwan). HDAC3 cDNA was obtained from U. Mahlknecht (Heidelberg, Germany) and used as a template for PCR-cloning into pcDNA3.1 vector with myc-his-tag. The precise coordinates of the constructs will be supplied on request. The authenticity of the constructs was confirmed by sequencing.

Cell culture, transfections
---------------------------

Human embryonal kidney epithelial cells (HEK293T) were cultured in DMEM (Gibco) supplemented with penicillin--streptomycin antibiotics, 5% fetal bovine serum, 1 mM sodium pyruvate and 50 µg/ml of uridine. For mammalian transfection experiments, ∼2 × 10^4^ cells were seeded into 1 cm^2^ surface area of tissue culture dishes. DNA was transfected with FuGENE 6 reagent (Roche) according to the manufacturer\'s protocol for 18--30 h. Thereafter, cells were either lysed in Laemmli solution/lysis buffer (see below) or fixed with 4% paraformaldehyde for the immunostaining experiments.

GST pull-downs
--------------

GST-SAP30 and GST-SAP30L fusion proteins were produced in *Escherichia coli* (BL-21 strain) and purified with Glutathione Sepharose 4B beads (Amersham Biosciences) according to manufacturer\'s instructions. The gel profile of the GST-fusion proteins is shown in Supplementary Figure 3. *In vitro* transcription and translation was carried out with TnT^®^ Quick Coupled Transcription/Translation System (Promega) according to the manufacturer\'s protocols. For GST pull-downs, ∼1 µg of GST or GST fusion proteins coupled to beads were incubated with 3--36 µl ^35^S-labeled *in vitro* translated proteins in binding buffer \[1× phosphate-buffered saline (PBS) (137 mM NaCl), 0.1% Igepal-CA630 and freshly added protease inhibitors (Roche)\] in end over end rotation overnight at 4°C. The beads were washed six times with the binding buffer containing 200 mM NaCl. GST pull-downs from the HEK293T nuclear lysates were done in a similar manner. Nuclei from the HEK293T cells were isolated as described previously ([@b10]).

Immunoprecipitation
-------------------

For the immunoprecipitation experiments, HEK293T whole cell lysates were prepared by lysing cells in RIPA lysis buffer \[1× PBS (137 mM NaCl), 1% Igepal-CA630, 0.5% sodium deoxycholate and 0.1% SDS\] with freshly added protease inhibitors (Roche). Lysates were passed several times through a 21-gauge needle to sheer DNA, incubated for 30 min on ice and centrifuged in 12 000 *g* for 20 min at 4°C. Supernatants were collected. Immunoprecipitations were carried out in end over end rotation overnight at 4°C with agarose-conjugated antibodies against c-myc (9E10; sc-40AC) or His (H-3; sc-8036AC) (Santa Cruz Biotechnology, Inc.), and they were washed six to eight times with RIPA lysis buffer containing 500 mM NaCl and 0.5% Igepal-CA630.

Western blotting
----------------

For SDS--PAGE, lysed cells or protein samples were boiled in Laemmli buffer and resolved on Novex^®^ pre-cast gels (Invitrogen). Proteins were transferred to a nitrocellulose membrane (Amersham Biosciences) and blotted with the primary antibodies indicated and HRP-conjugated secondary antibodies. Detection was performed with the ECL Plus Western Blotting Detection System (Amersham Biosciences). The primary antibodies used were c-myc (sc-40), Sin3A (sc-767), HDAC 1 (sc-7872), HDAC 2 (sc-7899) and actin (sc-8432) from Santa Cruz, and GFP (33--2600) from Zymed. Anti-rabbit and anti-mouse HRP-conjugated secondary antibodies were from DAKO (p0217 and p0260, respectively). Band intensities were quantified using ImageQuant™TL --program (Amersham Biosciences)

Immunocytochemistry
-------------------

HEK293T cells were fixed with 4% paraformaldehyde in PBS \[1× PBS (137 mM NaCl)\] for 20 min and then washed with PBS and permeabilized for 10 min with 0.2% Triton X-100 in PBS. Unspecific binding of the antibodies was blocked by 1% BSA in PBS for 60 min before incubation of the cells with primary antibody at 1:200 dilutions for 60 min at 37°C. After washes with PBS, the cells were incubated with secondary antibody at 1:1000 \[Alexa^®^ Fluorophor conjugated anti-mouse (A11031) or anti-rabbit (A11034) IgG\], washed and mounted on a DAPI-mount (VectaShield^®^). The primary antibodies used were NPM (32-5200, Zymed), Flag (F-3165, Sigma), His (46-0693, Invitrogen), c-myc (sc-40; Santa Cruz), c-myc (sc-789; Santa Cruz) and Sin3A (sc-994; Santa Cruz). Slides were analyzed and photographed with a confocal microscope (Ultraview Confocal Imaging System, Perkin Elmer Life Sciences Inc., Boston, MA).

HDAC activity and repression analysis
-------------------------------------

Histone deacetylase activity was measured using Fluor de Lys AK-500-kit (Biomol) according to manufacturer\'s protocols. In order to explore the role of class III HDAC enzymes, NAD^+^ coenzyme (N1511, Sigma-Aldrich) was added at 200 µM to reactions. HDAC inhibitor Trichostatin A (TSA) was added in control reactions at 1 µM concentration. Fluorescence was measured at 460 nm with VICTOR^2^ 1420 multilabel counter (Wallac, Perkin Elmer, Life Sciences).

For the repression analysis, HEK293T cells were transfected with Gal4DBD-SAP30, Gal4DBD-SAP30L or Gal4DBD-SAP30L mutants along with 5xGal4-TK-LUC or 5xGal4-14D-LUC luciferase reporter plasmids as indicated. The results were normalized by the activity of the β-gal produced ([@b16]) from the cotransfected pcDNA3.1-LacZ (Invitrogen). Twenty-fourhour post-transfection cells were split into two dishes, and treated with either TSA at 200 nM or DMSO for 24 h. Thereafter, cells were harvested and luciferase activity was measured using Luciferase Assay System (Promega). Measurements were done in duplicate from two independent experiments and the range is reported.

RESULTS
=======

SAP30L interacts with Sin3A
---------------------------

SAP30 is a well-characterized binding partner for Sin3A ([@b5],[@b10]). Owing to its similarity to SAP30L, we examined if SAP30L interacts with Sin3A. As shown in [Figure 1a](#fig1){ref-type="fig"}, myc-tagged mouse Sin3A co-immunoprecipitated with myc-his-tagged SAP30L in transiently transfected HEK293T cells. In this experiment, we used myc-his-tagged SAP30 and an empty myc-his vector as positive and negative controls, respectively. Consistent with previous studies, Sin3A co-immunoprecipitated with SAP30, whereas the control experiment with the vector alone remained negative, confirming the specificity of the interactions. In a reciprocal co-immunoprecipitation experiment, green fluorescent protein (GFP)-tagged SAP30L co-immunoprecipitated with the myc-tagged Sin3A while GFP alone was unable to co-immunoprecipitate with Sin3A ([Figure 1b](#fig1){ref-type="fig"}). These results confirm that the interactions are independent of the tag used. In GST pull-down experiments with nuclear lysates of HEK293T cells, SAP30L associated with endogenous human Sin3A similar to SAP30 ([Figure 1c](#fig1){ref-type="fig"}).

Next, we mapped the domains responsible for the interaction between SAP30L and Sin3A. We used C-terminally truncated versions of SAP30L (constructs are shown in [Figure 2b](#fig2){ref-type="fig"}) and cotransfected them with mouse Sin3A. SAP30L 1--140 truncation mutant co-immunoprecipitated Sin3A whereas SAP30L 1--120 construct failed to associate with Sin3A, suggesting that the region between residues 120 and 140 of SAP30L is critical for the interaction ([Figure 1d](#fig1){ref-type="fig"}). This finding is similar to SAP30 interaction with Sin3A, where the interaction domain resides in the C-terminus between residues 130 and 167 of SAP30 ([@b10]), a region sharing eight analogous residues with the SAP30L 1--140 truncation mutant (see sequence alignment in Figure 5d). We next created three deletion mutants of Sin3A (amino acids 1--200, 1--400 and 1--855) in order to map SAP30L interaction domain(s) in Sin3A. Pull-down studies with *in vitro* transcribed and translated Sin3A proteins revealed that the interaction with the GST-SAP30L requires PAH3/HID region of Sin3A protein ([Figure 1e](#fig1){ref-type="fig"}). This again resembles the interaction of SAP30 with Sin3A, which has been reported to require the PAH3 region of Sin3A ([@b6],[@b10]). These results also suggest that the interaction between SAP30L and Sin3A is direct.

SAP30L is able to self-associate
--------------------------------

We next investigated whether SAP proteins are able to interact with each other. As shown in [Figure 2a](#fig2){ref-type="fig"}, myc-his-tagged SAP30L associates with gfp-tagged SAP30L *in vivo* but not with gfp-tagged SAP30. On the other hand, myc-his-tagged SAP30 could not associate with gfp-tagged SAP30 or SAP30L. These results demonstrate that SAP30L is able to self-associate.

To characterize more closely the domain(s) in SAP30L needed for self-association, we carried out pull-down experiments with *in vitro* translated SAP30L proteins. As [Figure 2b](#fig2){ref-type="fig"} shows, SAP30L 1--120 was unable to associate with full-length SAP30L. Two other SAP30L C-terminal deletion mutants (1--140 and 1--160) showed markedly impaired self-association capability compared to full-length SAP30L, suggesting that the entire C-terminus of SAP30L is needed for efficient binding. Consistent with this, we found that mutating the nucleolar localization signal, which is composed of amino acids 120--127 (SAP30L 8A-mutant, see Figure 5), had no effect on self-association. Intriguingly, truncating 60 residues from the N-terminus of SAP30L increased interaction over 2-fold ([Figure 2b](#fig2){ref-type="fig"}). These results suggest that the ability of SAP30L to self-associate is dependent on an intact C-terminus and that deletion of the N-terminus increases this capability, possibly through conformational changes in the protein. Furthermore, nucleolar targeting of SAP30L (see Figure 5) is independent of its self-association, since the mutant incapable of nucleolar localization can self-associate with an affinity comparable with that of wild-type SAP30L.

SAP30L associates with histone deacetylases and represses transcription
-----------------------------------------------------------------------

SAP30 associates with HDAC activity and HDAC 1 and HDAC 2 proteins ([@b6],[@b10],[@b12]). Therefore, we asked if SAP30L also associates with HDACs. First, we carried out pull-down experiments with GST, GST-SAP30L and GST-SAP30 proteins from HEK293T nuclear lysates and measured associating HDAC activity. GST-SAP30L pulled down HDAC activity comparable with GST-SAP30 ([Figure 3a](#fig3){ref-type="fig"}), and this activity was sensitive to TSA, an inhibitor of HDACs. Addition of NAD^+^, which is an essential cofactor for the activity of class III HDACs, did not increase HDAC activity, suggesting that class III HDACs ([@b17]) do not contribute to HDAC activity associated with SAP proteins in this assay. An intact C-terminus of SAP30L was necessary for HDAC activity as shown by a series of mutants of SAP30L ([Figure 3b](#fig3){ref-type="fig"}). Further pull-down experiments demonstrated that GST-SAP30 and GST-SAP30L interacted with class I HDACs 1--3 ([Figure 3c](#fig3){ref-type="fig"}), whereas they failed to interact with a class II histone deacetylase, HDAC 4 (data not shown).

The association of SAP30L with a functional Sin3A complex was examined using Gal4DBD fusions with a series of SAP30L constructs and SAP30. SAP30 has previously been reported to be able to repress transcription ([@b6],[@b10]). Wild-type Gal4SAP30L repressed transcription of a reporter containing 14D promoter and Gal4 binding sites (5xGal14D-LUC) dramatically compared to Gal4 alone (∼23-fold) and 1.6-fold compared to Gal4SAP30 ([Figure 4a](#fig4){ref-type="fig"}). Again, an intact C-terminus of SAP30L was needed for full repression capability although SAP30L 1--140 possessed moderate repression activity ([Figure 4b](#fig4){ref-type="fig"}). However, cotransfection of Gal4SAP30L or Gal4SAP30 with either myc-tagged SAP30L, SAP30 or Sin3A did not yield any additive repression effect ([Figure 4c](#fig4){ref-type="fig"}), suggesting that the amount of these binding partners was not rate-limiting. TSA treatment greatly diminished the repression activity of SAP proteins (except for the SAP30L 1--140 truncation), suggesting that HDAC activity plays an important role in mediating the repression capability ([Figure 4a and b](#fig4){ref-type="fig"}). Another reporter vector with TK promoter produced identical results (Supplementary Figure 1). Taken together, these findings suggest that SAP30L represses transcription, and that this repression involves the recruitment of Sin3A and histone deacetylases.

SAP30L has a functional NoLS and localizes to the nucleolus
-----------------------------------------------------------

By transfection experiments, SAP30L was previously shown to localize to the nucleus of cells and a functional nuclear localization signal (NLS) was identified ([@b15]). We decided to examine more closely the subcellular localization of SAP30L using tagged wt and mutant SAP30L proteins transiently transfected into a variety of cell lines. GFP- or myc-his-tagged wt SAP30L was found in the nucleus of studied cell lines (MCF-7, COS-7, IMR-90, T84, Daudi, HEK293T), and a prominent, patchy staining pattern resembling that of the nucleolus was observed in the nucleus of many cells. To confirm this, we performed colocalization experiments with a nucleolar marker, nucleophosmin (NPM or B23) ([@b18]). [Figure 5a](#fig5){ref-type="fig"} demonstrates that there is a marked colocalization between the two proteins in HEK293 cells and that SAP30L partly localizes to the nucleolus. Many nuclear and nucleolar proteins like HSP70, EBNA-5 ([@b19]), p53 and MDM2 ([@b20]) are known to accumulate in the nucleolus under proteotoxic stress caused by proteasome inhibitor MG132. Therefore, we tested whether MG132 affects the subnuclear localization of SAP30L and found that MG132 caused further accumulation of SAP30L in the nucleolus ([Figure 5a](#fig5){ref-type="fig"}). We decided to take advantage of this effect in our later experiments mapping the NoLS in SAP30L (see below). GFP-tagged SAP30L showed similar strong nucleolar accumulation under MG132 treatment (Supplementary Figure 2) whereas GFP alone did not relocalize (data not shown) indicating that tags do not contribute to the results. SAP30 behaved similarly, although more slowly (Supplementary Figure 2): SAP30L accumulated into the nucleolus within 4 h whereas for SAP30 the accumulation took 6 h (data not shown).

Confocal microscopy with the C-terminally truncated versions of SAP30L protein (SAP30L 1--160, SAP30L 1--140 and SAP30L 1--120) revealed that the largest C-terminal deletion mutant (1--120) caused significant mislocalization of the protein to the cytoplasm and complete disappearance of the nucleolar localization ([Figure 5b](#fig5){ref-type="fig"}). This suggested the presence of a NoLS in the region between residues 120 and 140 of SAP30L. Closer examination of the sequence of SAP30L showed that this region harbors a stretch of basic residues consistent with a proposed NoLS consensus sequence (R/K-R/K-x-R/K) \[[Figure 5d](#fig5){ref-type="fig"} and Ref. ([@b21])\]. In order to assess the role of this region in the nucleolar targeting of SAP30L, we constructed SAP30L 1--121, SAP30L 1--127 and SAP30L 1--131 mutants ([Figure 5c](#fig5){ref-type="fig"}). In contrast to 1--121 truncation, SAP30L 1--127 deletion mutant accumulated in the nucleolus under MG132 treatment, showing that the critical region responsible for nucleolar localization resides between the residues 120--127 of SAP30L ([Figure 5c](#fig5){ref-type="fig"}). Next, we created two mutants with either three or four basic residues mutated to alanines in this region of SAP30L (~120~RRYKR~124~ → **AA**Y**A**R or **AA**Y**AA**). These mutations reduced nucleolar accumulation of SAP30L, but failed to abolish it under MG132 treatment (data not shown). However, a larger mutation in the region (SAP30L 8A-mutant: ~120~RRYKRHYK~127~ → **AAAAAAAA**) completely abolished nucleolar localization of SAP30L, demonstrating that these eight residues are responsible for correct localization of SAP30L to the nucleolus ([Figure 5c and d](#fig5){ref-type="fig"}).

Previously, GFP-tagged SAP30L was reported to contain a functional NLS between residues 87 and 91 ([@b15]). We recreated this NLS mutant in a wt SAP30L construct with myc-his-tag (~87~KRKRK~91~ → K**AAA**K). This mutant partly localized to the cytoplasm but still showed some nucleolar localization ([Figure 5b](#fig5){ref-type="fig"}), suggesting that NLS signal in SAP30L is functional only in nuclear targeting of the protein. When both signals were mutated simultaneously, nuclear localization of SAP30L was significantly impaired (data not shown), indicating that the NoLS signal also contributes to the nuclear localization of SAP30L. We found an additional signal in the N-terminus of SAP30L (~58~KKLK~61~), which is also consistent with the NoLS proposed by Horke *et al.* ([@b21]). However, N-terminally deleted SAP30L protein (SAP30L 61--183) showed strong nucleolar localization of SAP30L, indicating that it is not a functional nucleolar localization signal ([Figure 5b](#fig5){ref-type="fig"}).

Next, we investigated whether MG132 treatment causes relocalization to the nucleolus of other members of the Sin3A corepressor complex. A fraction of the endogenous Sin3A pool responded to MG132 treatment in a manner similar to the SAP proteins by accumulating in the nucleolus (Supplementary Figure 2). Consistent with other studies, HDAC1 and HDAC2 enzymes were detectable in the nucleolus ([@b22]) although there was no marked relocalization after MG132 treatment. Importantly, MG132 did not alter the subcellular localization of RbAp46, RbAp48 and YY1 proteins (Supplementary Figure 2). These results suggest that separate Sin3A complexes are present in cells, and that SAP proteins together with Sin3A and HDAC 1/2 enzymes belong to one such subcomplex, possibly within the nucleolus. This is consistent with a study reporting at least three separate Sin3A complexes with unique protein compositions ([@b23]).

SAP proteins target SIN3A to the nucleolus
------------------------------------------

In quiescent cells, Sin3A is known to localize in the perinucleolar sites where early DNA replication origins are situated ([@b24]). Since Sin3A does not have any apparent NoLS sequence, we asked whether SAP30 and SAP30L proteins are able to target Sin3A to the nucleolus. To examine this, we cotransfected Sin3A with either SAP30L, SAP30L 1--120 or SAP30 in HEK293T cells. In confocal microscopy, wt SAP30L and SAP30 proteins dramatically increased the number of Sin3A-positive nucleoli ([Figure 6a and b](#fig6){ref-type="fig"}). Importantly, C-terminally deleted SAP30L (1--120), which does not associate with Sin3A, failed to target Sin3A to the nucleoli. The results were similar in the presence or absence of MG132, although in MG132-treated cells, there was a low but constant level of Sin3A visible in the nucleolus (see Supplementary Figure 2). We also scored Sin3A-positive nucleoli, and found that 42 and 7% of the SAP30L- and SAP30-transfected cells, respectively, were positive whereas none of the control vector-transfected cells were ([Figure 6b](#fig6){ref-type="fig"}). The transfected SAP30L and SAP30 proteins were also able to relocate endogenous Sin3A to the nucleolus (data not shown). These results indicate that Sin3A can be targeted to the nucleolus by SAP proteins. It is noteworthy that SAP30L is more efficient than SAP30 in nucleolar targeting, consistent with its more prominent localization within the nucleolus.

The turnover of SAP30L is regulated by its C-terminus
-----------------------------------------------------

Transfected C-terminally deleted SAP30L (1--120) protein was expressed over 35 times more efficiently than the wt SAP30L protein ([Figure 7](#fig7){ref-type="fig"}). The expression levels of two other C-terminally deleted SAP30L proteins (1--140 and 1--160) declined progressively: SAP30L 1--140 was expressed ∼20 and SAP30L 1--160 ∼16 times more efficiently than the wt SAP30L protein. Furthermore, N-terminally deleted SAP30L (61--183), which localizes intensively within the nucleolus ([Figure 5b](#fig5){ref-type="fig"}), was expressed at very low levels, i.e. five times less than the wt SAP30L protein. In other words, nucleolar localization correlated inversely with protein expression levels. In these experiments, transfection efficiencies were normalized to cotransfected lacZ protein and endogenous actin was used as a loading control. HEK293T cells treated for 10 h with MG132 stabilized ectopically expressed wt SAP30L by 10-fold compared to control cells (DMSO-treated cells). Stabilization caused by MG132 was dependent of the residues between 120 and 140 of SAP30L since mutant lacking these residues (compare SAP30L 1--120 with SAP30L 1--140 and 1--160 mutants) did not show any stabilization after MG132 treatment ([Figure 7](#fig7){ref-type="fig"}). Since MG132 inhibits proteasomes, and ubiquitination of proteins often marks them for degradation ([@b25]), we reasoned that SAP30L could be ubiquitinated. However, we failed to detect any ubiquitination of SAP30L even after MG132 treatment (data not shown). This may imply that the stabilization of SAP30L is secondary to the inhibition of degradation of other protein(s). Treating cells with cycloheximide, which ceases protein translation, further demonstrated that mutants lacking the C-terminus of SAP30L, and particularly the mutant lacking residues 120--140, have extended turnover compared to other SAP30L proteins ([Figure 7](#fig7){ref-type="fig"}). Others have previously reported that the turnover of endogenous SAP30 protein is normally short, only 2 h in HeLa cells ([@b10]).

DISCUSSION
==========

We report here a novel component of the Sin3A corepressor complex, SAP30L. It binds to the PAH3/HID region of mouse Sin3A with residues 120--140, a region harboring several residues that are also conserved in SAP30. We provide evidence that SAP30L induces transcriptional repression, possibly via the recruitment of Sin3A and histone deacetylases. We have also identified a region in SAP30L with a stretch of basic residues representing a functional NoLS signal ([@b21]). Moreover, both SAP proteins are capable of targeting Sin3A to the nucleolus.

SAP30L and SAP30 are both transcribed from independent genomic loci (5q33.2 for SAP30L and 4q34.1 for SAP30). These two chromosomes are known to share chromosome-duplication blocks ([@b26]) and, in fact, macroscale analysis of gene composition of distal arms of 4q and 5q chromosomes suggests that a gene duplication event may have occurred during evolution. Closer inspection of the genomic sequences and phylogenetic footprinting analysis (Consite website, data not shown) of SAP genes reveal that they have different sets of conserved transcription factor binding sites on the promoters. Thus, different promoter sequences could allow specific transcription factors to regulate their expression in a timely and tissue-specific manner. Accordingly, previous studies ([@b10],[@b15]) and gene expression databases ([@b14]) show that they are both ubiquitously expressed but with differences in expression pattern in, for example, testis, placenta and kidney. In our luciferase reporter analysis, SAP30L had ∼1.6-fold higher repression capacity than SAP30. If also true *in vivo*, use of a specific SAP protein could be a way to fine-scale the repression efficiency of the Sin3A corepressor complex. Various SAP proteins could also be used in specific Sin3A-subcomplexes or recruited in response to varying demands of repression activity during the progression of cell cycle or in specific cell types.

Our results show that both SAP proteins localize partly within the nucleolus. The nucleolus is the most prominent specialized organelle inside the nucleus. Its principal function is the transcription and processing of rRNA and the assembly of ribosomes, although other functions, such as ribonucleoprotein (RNP) assembly, cell cycle control, mRNA maturation, stress response and protein sequestration, have recently been attributed to the nucleolus ([@b27],[@b28]). In *S.cerevisiae*, *SIN3A*, *SAP30* and *RPD3* have been shown to affect the transcription of the mating-type, telomeric and rDNA loci. Interestingly, deletion of any of these genes enhances silencing of RNA polymerase II-transcribed reporter genes inserted into the above-mentioned three loci ([@b29]). Similarly, a genetic screen for genes involved in rDNA silencing in *S.cerevisiae* identified mutations in *SIN3A*, *SAP30* and *RPD3* genes ([@b30]). An alternate function for the Sin3A complex in yeast was suggested by Meskauskas *et al.* ([@b31]), who showed that the main components of this complex participate not in the transcription, but in the early processing of rRNA. In the light of these reports, it is not surprising that we found also mammalian SAP proteins in the nucleolus. Furthermore, we were able to identify a NoLS signal in both SAP30L and SAP30. NoLS is generally regarded as more of a protein--protein interaction domain than as a specific localization or targeting signal ([@b32]). It is thought that NoLS mediates interactions and thereby retains proteins in the nucleolus ([@b33]). In addition, our results show that Sin3A can be targeted to the nucleolus by SAP proteins. Therefore, it can be postulated that the SAP proteins interact with component(s) of the nucleolus and, by this means, recruit the Sin3A corepressor complex into the nucleolus for the regulation of rDNA transcription and/or rRNA processing. In future experiments, it will be essential to examine further the functional consequences of this nucleolar localization and recruitment.
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![SAP30L interacts with Sin3A. (**A**) Sin3A co-immunoprecipitates with SAP30L. Lysates from the transfected HEK293T cells were immunoprecipitated with agarose conjugated anti-his antibody, and the immunocomplexes were analyzed by western blotting with anti-myc antibody. (**B**) SAP30L co-immunoprecipitates with the Sin3A protein. Transfected HEK293T cells were lysed and immunoprecipitated with the agarose conjugated anti-myc antibody, and the immunocomplexes were analyzed by western blotting with anti-myc and anti-gfp antibodies. (**C**) GST-SAP30L and GST-SAP30 pulls down endogenous Sin3A protein from nuclear lysate of HEK293T cells, whereas GST alone does not. Western blotting was performed with Sin3A antibody. (**D**) Residues between 120 and 140 in the SAP30L protein are critical for the association with the Sin3A. Immunocomplexes in the upper panel and inputs in the lower panel were analyzed by western blotting with anti-myc antibody. (**E**) SAP30L binds directly to PAH3/HID domain in Sin3A. Sin3A constructs used are illustrated on the left side of the experimental panel. The Sin3A proteins were produced by coupled *in vitro* transcription/translation system and labeled with ^35^S-Methionine before subjecting to pull-down experiments with GST-fusion proteins as indicated. SDS--PAGE was subjected to autoradiography. (Asterisk, IgG heavy and light chains; GST, glutathione-S-transferase; PAH, paired amhipathic helix; HID, histone deacetylase interacting domain.)](gkl401f1){#fig1}

![SAP30L is able to self-associate. (**A**) Myc-his-tagged SAP30L associates with gfp-tagged SAP30L *in vivo*. Lysates from the transfected HEK293T cells were immunoprecipitated with agarose conjugated anti-myc antibody and the immunocomplexes were analyzed with the antibodies indicated. (**B**) GST-SAP30L can directly interact with *in vitro* translated SAP30L. SAP30L proteins were produced by coupled *in vitro* transcription/translation and labeled with ^35^S-methionine and subjected to pull-down experiment with full-length GST-SAP30L as indicated. Pull-down complexes were analyzed by autoradiography. The amount of bound protein was quantified and normalized to the input. Data are illustrated in the histogram. The mutants of SAP30L are shown below.](gkl401f2){#fig2}

![SAP30L associates with histone deacetylase activity. (**A** and **B)** GST-fusion pull-downs from the HEK293T nuclear extracts were performed and HDAC activities were measured with the Fluor de Lys kit. Schematic representation of SAP30L constructs used are shown in [Figures 2b](#fig2){ref-type="fig"} and 5. GST and GST-SAP30 were used as a negative and positive control, respectively. The basal level of fluorescence (blank) and sensitivity in the experiment were defined by measuring fluorescence from the assay buffer and from the 1 µM deacetylated standard respectively (white bars). NAD^+^ coenzyme and TSA were added in the cases indicated. Shown are the means of two experiments performed in duplicate and the error bars represent the range of measurements (AFU = arbitrary fluorescence unit). (**C**) GST-SAP30 and GST-SAP30L pulls down endogenous HDAC 1 and 2, and transfected myc-his tagged HDAC 3 from the HEK293T lysates, whereas GST alone does not (negative control). Pull-down complexes were analyzed by western blotting with the antibodies indicated.](gkl401f3){#fig3}

![SAP30L is able to repress transcription. (**A**--**C**) HEK293T cells were cotransfected with 5xGal4-14D luciferase reporter vector, Gal4DBD fusions and LacZ-vector as indicated. Twenty-four hour post-transfection cells were either treated with TSA or DMSO (vehicle) for another 24 h. Lysed cells were analyzed for luciferase and β-gal activity. The histogram illustrates the average fold-repressions of the Gal4DBD-fusions compared with Gal4 alone. The measurements were done in duplicate from two independent experiments and the error bars represent the range.](gkl401f4){#fig4}

![SAP30L localizes in the nucleolus. (**A**), SAP30L colocalizes with nucleophosmin (NPM) in the nucleolus. Ten hour treatment with proteasome inhibitor MG132 causes further accumulation of SAP30L to the nucleolus. (**B**) NoLS signal resides between residues 120--140 in SAP30L. Arrows indicate cytoplasmic accumulation of the SAP30L 1--120 and SAP30L-NLSmut mutants. Arrowhead indicates the nucleolus. (**C**) Residues 120--127 in the SAP30L protein are necessary for its nucleolar accumulation. In the above experiments, HEK293T cells were transfected with the indicated myc-his-tagged constructs, and double-stained with anti-myc (construct) and anti-nucleophosmin (nucleolar marker) antibodies. Cells were further stained with DAPI in order to visualize the nuclei. Cells in the right panel were treated for 10 h with 10 µM proteasome inhibitor MG132. All the pictures were taken by confocal fluorescence microscope. Line-diagrams illustrate the fluorescence intensity (green, SAP30L; red, NPM) along the white line shown in merged images. SAP30L-myc-his constructs used are illustrated on the left side of each panel. (**D**) The NoLS of SAP30L and SAP30 identified in this study was manually aligned with three other previously published nucleolus localizations sequences of the following human proteins: catalytic subunit of human telomerase \[*TERT* ([@b34])\]; *NOLP* ([@b35]) and hLa ([@b21]).](gkl401f5){#fig5}

![SAP30 and SAP30L target Sin3A to the nucleolus. (**A**) Cotransfected SAP proteins target Sin3A to the nucleolus. Myc-Sin3A was transfected with either myc-his tagged SAP30L, SAP30L 1--120 or SAP30 and cells were treated for 10 h with MG132. Sin3A protein was visualized by the Sin3A antibody and SAP proteins with the His-tag antibody. Stained cells were analyzed with confocal microscopy. Arrows indicate the nucleoli. (**B**) Data in A (without MG132) were scored as percent of cells expressing Sin3A in the nucleoli (total 100 cells counted for each experiment) and illustrated as the histogram.](gkl401f6){#fig6}

![Fast turnover of the SAP30L protein correlates with its nucleolar localization. HEK293T cells were cotransfected with the indicated, myc-his-tagged constructs and a control vector (LacZ-myc-his). Cells were treated 10 h with either DMSO (vehicle), MG132 (proteasome inhibitor) or cyclohexamide (translation inhibitor). The lysed cells were subjected to SDS--PAGE and analyzed by Western blotting with anti-myc and anti-actin (loading control) antibodies. Band intensities were quantified and the amount of the protein in the sample was calculated after normalization to LacZ expression. Representative results from three independent experiments are shown.](gkl401f7){#fig7}
